Aggressive behaviour is important in the life history of many animals. In grey wolves (Canis lupus), territory defence through direct competition with conspecifics is severe and often lethal. Thus, performance in aggressive encounters may be under strong selection. Additionally, grey wolves frequently kill large dangerous prey species. Because both sexes actively participate in aggressive activities and prey capture, wolves are expected to exhibit a low level of musculoskeletal sexual dimorphism. However, male wolves more often lead in agonistic encounters with conspecifics and must provision the nursing female during the pup-rearing period of the breeding season. These behaviours may select for males that exhibit a higher degree of morphological adaptation associated with aggression and prey capture performance. To test this prediction, we assessed skeletal sexual dimorphism in three subspecies of grey wolves using functional indices reflecting morphological specialization for aggression. As expected, sexual dimorphism in skeletal shape was limited. However, in two of three subspecies, we found sexually dimorphic traits in the skull, forelimbs and hindlimbs that are consistent with the hypothesis that males are more specialized for aggression. These characters may also be associated with selection for improved prey capture performance by males. Thus, the sexually dimorphic functional traits identified by our analysis may be adaptive in the contexts of both natural and sexual selection. Several of these traits may conflict with locomotor economy, indicating the importance of aggression in the life history of male grey wolves. The presence of functional specialization for aggression in a generally monogamous species indicates that sexual dimorphism in specific musculoskeletal traits may be widespread among mammals.
Introduction
Aggressive behaviour plays a key role in many aspects of the life history and ecology of animals. Though relatively rare, violent interactions occur in most vertebrate species (Sherrow, 2012) , and have profound effects on individual fitness through survival, resource acquisition and access to mates (Andersson, 1994) . In mammals, the evolution of sexual dimorphism is generally associated with sexual selection acting on males to improve their ability to compete for mates (Darwin, 1871; Andersson, 1994) , whereas the female phenotype is closer to a natural selection optimum (Lande, 1980) . The degree of sexual dimorphism among mammalian species is positively correlated with the intensity of malemale competition (Weckerly, 1998) and degree of polygyny (Gittleman & Van Valkenburgh, 1997) , and inversely correlated with the amount of male parental investment (Trivers, 1972) .
Male reproductive success is often linked to fighting ability (Le Boeuf, 1974; Clutton-Brock et al. 1982) . Sexual size dimorphism is typically attributed to sexual selection for greater body mass in males that improves performance during male-male contests (Andersson, 1994) , putatively by increasing the absolute forces and momentum that may be applied to a competitor. In predatory species, greater body mass in males may also improve prey capture performance (MacNulty et al. 2009 ) and allow males to hunt larger prey (Caro & Fitzgibbon, 1992; Sand et al. 2006) . In addition to body mass, other musculoskeletal characteristics often play an important role in determining the outcome of agonistic encounters. In studies on territorial lizard species, bite force is the strongest predictor of the outcome of male-male contests (Lailvaux et al. 2004; Huyghe et al. 2005) , female density within a territory (Lappin & Husak, 2005) , and number of progeny sired (Husak et al. 2009 ). Similarly, agility and manoeuvrability may be more important than large body size in aerial male contests among species of shorebirds (Sz ekely et al. 2000) and bustards (Raihani et al. 2006) , and during arboreal male contests in primates (Lawler et al. 2005) . Among terrestrial species, high force production and agility play important roles during agonistic encounters. Jumping ability (velocity and acceleration) is correlated with winning in contests between size-matched 'lightweight' male anoles (Anolis carolinensis; Lailvaux et al. 2004) . Similarly, sprint speed is correlated with winning in paired contests between size-matched males in other territorial lizard species (Garland et al. 1990 ; Robson & Miles, 2000) . Thus, the relative importance of specific functional traits varies with the type of male-male combat (Lailvaux et al. 2004; Lailvaux & Irschick, 2006) .
Male mammals in the order Carnivora use their teeth, jaws and forelimbs as primary weapons when fighting with conspecifics (for an example in grey wolves, see Landis, 2010) . The importance of the skull and teeth in male contests among carnivorans is indicated by male-biased sexual dimorphism in canine size and muscle moment arms in the temporalis and masseter muscles (Gittleman & Van Valkenburgh, 1997) . These dimorphic traits are also found in multiple species of primates in which males compete (reviewed in Plavcan, 2001 ). Pushing, grappling and striking events occur during aggressive encounters that involve force application in highly variable directions (Kemp et al. 2005) , increasing the risk of injury (Alexander, 1981) . Morphological specialization for these interactions likely results in broad body plans that increase stability, robust limb bones that resist bending and torsional moments, and high mechanical advantages that increase forces available to strike or manipulate opponents or to quickly reorient and accelerate the body (Pasi & Carrier, 2003; Kemp et al. 2005) . Many of these traits are also expected to improve performance when carnivorans attack and kill large prey species. Thus, these morphological characters may be adaptive in the contexts of both sexual and natural selection.
In the context of specialization for physical aggression, grey wolves (Canis lupus) are an interesting species. Both male and female grey wolves hunt and kill dangerous prey animals (e.g. moose, bison, elk; Mech, 1999) , and defend against kleptoparasitism by other carnivorans such as cougars and bears (Murie, 1944; Mech & Boitani, 2003) . Furthermore, both sexes aggressively defend against territorial incursions by conspecifics (Mech, 1993) . Contrary to typical mammalian social patterns, parental investment from both sexes is high and dominance/leadership roles are shared by the breeding pair (Mech, 2000) . Because both males and females actively engage in all of these activities, wolves are expected to exhibit a low level of musculoskeletal sexual dimorphism. Indeed, dimorphism in body mass in C. lupus is limited (males approximately 20% larger than females; Mech, 1970) as compared with other carnivorans (Bekoff et al. 1981 ).
However, behavioural differences between the sexes have been described. Among aggressive behaviours, males lead more often than females in agonistic encounters and territorial disputes with conspecifics (reviewed in Mech, 2000) , and are more like to chase and attack individual wolves (Yellowstone Wolf Project, unpublished data, in Cassidy, 2013) . Conflicts among packs and/or lone individuals are often lethal (Mech, 1994) , with intraspecific strife responsible for up to 65% of natural wolf mortality (Mech et al. 1998) . Recent evidence from Yellowstone National Park indicates that the number of adult males in a pack increases the likelihood of winning in interpack aggressive encounters, suggesting that adult males influence the outcome of territorial contests more than other pack members (Cassidy, 2013) . Male wolves may also constitute a larger percentage of dispersers, 1-to 3-year-old individuals leaving their natal packs in search of mates and available territory (Ballard et al. 1987) . Dispersal is an inherently dangerous activity (Waser, 1996; Smale et al. 1997) because territorial intrusions may occur and grey wolves commonly attack and kill trespassers within their territories (reviewed in Mech & Boitani, 2003) . Additionally, males may join established packs to become dominant breeders, while this behaviour is rare or absent in females (VonHoldt et al. 2008) . This process may take weeks, with the immigrant male frequently being attacked by pack members (Yellowstone Wolf Project, unpublished data). Because wolf-wolf conflict is frequent and severe, and given the associated behavioural differences, selection on morphology associated with intraspecific aggression is expected to be stronger in males than in females.
In the context of feeding ecology, a 'division of labour' system (Mech, 1999) occurs for a period during the breeding season in which the female remains near the den to nurse and defend pups while the male forages and provisions the female. Because the energetic cost of lactation is so high, females must increase their food intake substantially. In Canis familiaris breeds of similar body size and litter size to that of grey wolves, females increase food intake by 300-400% while lactating (Scantlebury et al. 2000) . In a typical wolf pack (a breeding pair and their prior offspring; Mech, 1999) , the breeding male carries out the majority of provisioning the nursing female ). Thus, it is possible that selection may act on males to increase prey capture performance (e.g. greater body mass; MacNulty et al. 2009 ) during this critical stage of reproductive life history. However, prey animals killed by wolves during this seasonal stage are predominantly small (e.g. neonate ungulates; Mech, 1970; Sand et al. 2008; Metz et al. 2012 ) and likely are not physically demanding to capture (sensu MacNulty et al. 2009 ). This may allow prey capture rates to increase (Metz et al. 2012) , while mitigating selective pressure on prey capture performance. In wolf populations with greater pack sizes, female reproductive success (both litter size and pup survival) increases with the number of males in a pack, likely a result of the greater effectiveness of males at prey capture (MacNulty et al. 2009 ), territory defence, and protection of offspring from intra-and interspecific threats (Stahler, 2011) . Thus, morphological traits that improve performance in multiple behaviours may be under stronger selection in males.
Here, we test the hypothesis that grey wolves exhibit sexual dimorphism in functional traits likely to be important during aggressive interactions. An important caveat of this study is that morphological adaptations associated with aggression are also expected to improve performance when capturing large dangerous prey. First, we predicted that males, as compared with females, would have relatively broader skulls to house larger temporalis muscles that increase bite force (Biknevicius & Van Valkenburgh, 1996) . Second, we predicted that males would have relatively broader necks that facilitate more robust cervical musculature on the cervical vertebrae and skull. This would function to increase forces available for jerking the skull in order to tear with the teeth and would also provide a greater ability to resist torsional loading of the neck (Radinsky, 1981) , increasing safety factors (Alexander, 1981) and decreasing the risk of injury. Additionally, the cervical vertebrae are the origin site for extrinsic appendicular muscles that protract the forelimb (Evans, 1993) , and may be important during grappling or pushing. The third prediction was that males would have broader scapulae, capable of housing larger muscles associated with the transmission of forces from the trunk to the forelimbs, providing stability and doing work at the shoulder joint (Carrier et al. 2006) . Finally, we predicted that males would have more robust limbs with greater anatomical mechanical advantages. Robust bones are expected because the forelimbs function as levers for force application and because, during grappling, these bones may experience bending loads that exceed the animal's own muscular capacities (Kemp et al. 2005) . Broader distal ends of long bones (e.g. humeral epicondyle) allow for greater surface areas for muscle attachment (Hildebrand, 1985a) . Larger distal limb muscles may improve balance control, rapid turning and acceleration, and opponent manipulation (Pasi & Carrier, 2003) . Greater anatomical mechanical advantages (anatomical muscle in-lever/ out-lever) around the limb joints function to increase muscle forces (Maynard Smith & Savage, 1956; Hildebrand, 1985b) that may be applied to the substrate or an opponent. During fighting, the limbs are often oriented at high angles relative to the principal axis of force transmission, decreasing the effective mechanical advantage. Increasing the anatomical mechanical advantages of the limbs may circumvent this constraint on force production. While grey wolves are certainly adapted for efficient locomotion as indicated by gracile forelimbs (Gambaryan, 1974; Hildebrand, 1985b; Steudel, 1990) with limited lateral joint mobility (Andersson & Werdelin, 2003; Andersson, 2004) , they are nonetheless capable of creating large forces with the forelimb muscles (Walter & Carrier, 2007 . By rearing up to fight, they reorient these forces to apply to a competitor (Carrier, 2011) . This is likely important for gaining leverage during fights, which may be advantageous for toppling a competitor to the ground. We also tested these predictions on the hindlimb bones given that broader hindlimbs may increase stability and high mechanical advantages increase forces available for accelerating the body.
Materials and methods

Specimens
Skeletal metrics were taken from prepared specimens of culled wolves obtained from the Idaho and Wyoming Departments of Fish and Game, and from the collections at the natural history museums listed in the Acknowledgements. Specimen identification numbers are provided in the electronic supplementary material (Table S1 ). All specimens measured were osteologically mature, as determined by complete fusion of epiphyses in the long bones (Evans, 1993) . Though wolves may gain mass throughout adulthood (MacNulty et al. 2009 ), ontogenetic studies have shown geometric scaling patterns (i.e. length and width dimensions scale in direct proportion to each other) or slightly negative allometric patterns (i.e. width dimensions increase at a lower rate than length dimensions) of skeletal growth in domestic dogs (Casinos et al. 1986; Wayne, 1986) . Analysis of adult specimens has shown similar patterns of geometric similarity in limb bone lengths and widths between domestic dogs and wild canids (Wayne, 1986) . Additionally, broad comparative studies of terrestrial carnivorans have indicated geometric scaling of long bone length (Christiansen, 1999) and joint surface areas (humeral and femoral heads; Godfrey et al. 1991) , and small deviations from geometric similarity in long bone mid-shaft diameters (Bertram & Biewener, 1990 ) and circumferences (Christiansen, 1999) . Thus, morphological indices used in the present study should be minimally affected by increases in body size after an animal reaches adulthood. We measured all available museum specimens that were at least 80% complete skeletons with the requirement that sex and location information was available. Because this limited the number of specimens, we included data from three subspecies: C. l. lupus (n = 15 females, 15 males); C. l. lycaon (n = 10 females, 10 males); and C. l. occidentalis (n = 8 females, 9 males). However, these subspecies were analysed separately after statistical testing revealed differences in skeletal morphology between each taxa (see below).
Morphological traits and indices
For each specimen, 20 length and breadth measurements (Table 1) were taken to the nearest 0.01 cm using digital callipers (Mitutoyo Corporation, Japan) or Vernier callipers (for lengths > 20 cm; Phase II Machine and Tool, USA). Measurement methods were adapted from von den Driesch (1976) . Physiological length (Kiesewalter, 1888; von den Driesch, 1976) was used for postcranial bone length measurements. Physiological length is measured as the length between articular surfaces and describes the effective working length of a bone during use (Wilder, 1920) . Additionally, we used digital imaging software (ImageJ; Rasband, 2013) to determine the surface area of the scapula. From the measurements listed in Table 1 , we calculated 14 morphological indices (as in Van Valkenburgh, 1987; Samuels & Van Valkenburgh, 2008; MeachenSamuels & Van Valkenburgh, 2009b; Samuels et al. 2013 ) that quantify relative proportions, shape differences, robusticity and anatomical mechanical advantages in the skull and postcranial skeleton (Table 2 ). These indices reflect traits likely to be important during aggressive interactions.
Statistical analysis
Prior to analysis, we confirmed that all morphological index values were normally distributed (P > 0.05; Shapiro-Wilk tests) with similar variances between groups (P > 0.05; Bartlett's tests). We tested for shape differences between subspecies using a multivariate analysis of variance (MANOVA) with all indices included and sexes pooled. To limit the total number of comparisons (and the Type 1 error) for within-subspecies analysis, we first used MANOVAs to test for differences in skeletal robusticity indices of the neck (included morphological indices OWI and AWI from Table 2), forelimbs (HEI, StWI) and hindlimbs (FEI, HMI). When differences in shape were indicated by a MANOVA, we then used univariate ANOVAs on the individual morphological indices included. Otherwise, those metrics were discarded from the analysis, decreasing the total number of comparisons. All mechanical advantages and limb proportions indices were tested using univariate ANOVAs. Additionally, to examine the relative contribution of skull metrics to dimorphism in the skull shape index (SSI), we examined linear regressions of skull length and skull width against the geometric mean (GM; Jungers et al. 1995 ) of all metrics. Sexual dimorphism was calculated as male value/female value (Lovich & Gibbons, 1992; Smith, 1999) . Significance levels for ANOVAs were set at 0.10, given that we had a priori directional expectations (males larger) for all tests. To control for the false discovery rate in multiple comparisons, we used the Benjamini-Hochberg method (Benjamini & Hochberg, 1995) to determine significance levels. Finally, given the constraints imposed by correction for multiple comparisons (Moran, 2003) , we used an exact binomial test to calculate the probability of our results for each subspecies due to chance alone (as in Butler & Losos, 2002) . All analyses were carried out in the R statistical package (R Development Core Team, 2013) .
Results
Differences between all subspecies were significant (P < 0.05; MANOVA), so for the main analysis of sexual dimorphism we analysed all subspecies separately. Males were significantly larger than females in nearly all morphometric variables (P < 0.05 in 20 of 21 metrics in C. l. lupus, 21 of 21 in C. l. lycaon, and 19 of 21 metrics in C. l. occidentalis; twotailed t-tests; Table S2 ). Sex-based differences in morphological indices were limited (P < 0.10 in 4 of 14 indices in C. l. occidentalis and 5 of 14 in C. l. lupus; Table 3 ). In C. l. occidentalis, ANOVAs indicated sexual dimorphism in SSI, scapula shape (ScWI), a mechanical advantage in the manus (PMA), and the hindlimb proportions index (HPI), with males larger in all (SD values from 1.02 to 1.06). The binomial probability of obtaining four sex-based differences (out of 14 indices) in the predicted direction (a = 0.10) was significant (P = 0.044). In C. l. lupus, MANOVAs indicated sex differences in forelimb shape (Wilks' Lambda = 0.79; F 2,27 = 3.59; P = 0.042) and hindlimb shape (Wilks' Lambda = 0.84; F 2,27 = 2.55; P = 0.096), with subsequent ANOVAs indicating a relatively wider styloid process (StWI) and femoral epicondyle (FEI) in males than in females. Males also had a larger SSI and greater mechanical advantages in the manus (PMA) and forelimb (OMA). Linear regression analyses of individual skull metrics indicated that dimorphism in the SSI is primarily due to broader skulls in males, though this was only significant for C. l. occidentalis [ANCOVA with GM as a covariate for skull width: F 1,13 = 6.16; P = 0.028; P > 0.05 in ANCOVAs for skull width (C. l. lupus) and skull length (both subspecies); P > 0.05 for all interaction terms]. After correction for multiple comparisons, only the sexually dimorphic traits in C. l. occidentalis remained significant. However, we include results from C. l. lupus because we believe they are biologically meaningful, and because the binomial probability of obtaining five sex-based differences is highly significant (P = 0.009). No differences were found between male and female C. l. lycaon. Means and standard deviations for all morphological indices are included in the electronic supplementary material (Table S3) .
Discussion
Overall, sex-based differences in skeletal shape in C. lupus, as determined by a set of morphological indices, were limited. This result was expected, given the generally monogamous mating system and the high level of parental investment from both sexes of this species (reviewed in Mech & Boitani, 2003) . However, in two of three subspecies, we found sexual dimorphism in skeletal traits that appear to reflect morphological specialization for aggression. In both C. l. occidentalis and C. l. lupus, all of the dimorphic traits identified by our analysis are consistent with the hypothesis that males are more specialized for aggression than females. These dimorphic traits are also likely to improve the capture of large prey animals. Male C. l. occidentalis and C. l. lupus had relatively broader skulls than females, a trait that increases bite force by increasing the cross-sectional area of the jaw-closing muscles (Biknevicius & Van Valkenburgh, 1996) . Grey wolves kill prey by repetitive bites to the body, producing large lacerations that cause massive blood loss or evisceration (Mech, 1970) . Biting is also the primary method of attack when wolves fight each other (reviewed in Mech & Boitani, Table 2 Morphological indices, definitions and functional interpretations associated with morphological specialization for aggression.
Index Definition
Skull shape index (SSI) Skull width relative to total length (skull width/skull length). Indicates relative ability to generate bite force, given that a wider skull is associated with larger jaw-closing muscles and a shorter skull (i.e. shorter snout) increases the mechanical advantage of the jaw-closing muscles (Biknevicius & Van Valkenburgh, 1996) . Occipital width (OWI)
Occipital width relative to length of second cervical vertebra (occipital width/C2 length). Indicates relative size of cervical neck musculature. Atlas width (AWI)
Atlas width relative to length of second cervical vertebra (atlas width/C2 length). Indicates relative size of cervical neck musculature. Scapula width (ScWI) Surface area of lateral aspect of scapula relative to scapula length [(√scapula area)/scapula length]. Indicates relative size of muscles involved in the transfer of forces from the trunk to the forelimbs (e.g. supraspinatus, infraspinatus; Carrier et al. 2006 ).
Forelimb proportions index (FPI)
Length of proximal forelimb relative to length of distal forelimb [(scapula length + humerus length)/(radius length + metacarpal length)]. Indicates degree of morphological specialization for producing large out-forces in the forelimb (Hildebrand, 1985b) .
Humerus epicondyle index (HEI)
Humerus epicondyle width relative to humerus length (humerus epicondyle width/humerus length). Indicates relative surface area for attachment of wrist and digit flexor, extensor, pronator, and supinator muscles (Hildebrand, 1985a; Evans, 1993) .
Olecranon mechanical advantage (OMA)
Length of olecranon process relative to length of distal forelimb [olecranon length/(radius length + metacarpal length)]. Indicates anatomical mechanical advantage of triceps brachii, an elbow extensor (Maynard Smith & Savage, 1956; Carrier, 1983) .
Styloid width index (StWI)
Styloid width relative to radius length (styloid width/radius length). Indicates relative robusticity of distal forelimb.
Pisiform mechanical advantage (PMA)
Length of pisiform relative to length of manus (pisiform length/metacarpal length). Indicates anatomical mechanical advantage of flexor carpi ulnaris, a wrist flexor (Carrier, 1983; Evans, 1993) .
Ischium mechanical advantage (IMA)
Length of ischium relative to total hindlimb length [ischium length/(femur length + tibia length + metatarsal length)]. Indicates anatomical mechanical advantage of main hindlimb retractor muscles (e.g. biceps femoris, semimembranosus, semitendinosus; Emerson, 1985; Evans, 1993) .
Hindlimb proportions index (HPI)
Length of proximal hindlimb relative to length of distal hindlimb [femur length/(tibia length + metatarsal length)]. Indicates degree of morphological specialization for producing large out-forces in the hindlimb (Hildebrand, 1985b) .
Femur epicondyle index (FEI)
Femur epicondyle width relative to femur length (femur epicondyle width/femur length). Indicates relative surface area for attachment of hip extensor, knee flexor and foot plantarflexor muscles (e.g. semimembranosus, gastrocnemius, extensor digitorum longus; Evans, 1993; Samuels et al. 2013 ).
Hindlimb malleolus index (HMI)
Hindlimb malleolus width relative to tibia length (hindlimb malleolus width/tibia length). Indicates relative robusticity of distal hindlimb. Calcaneus mechanical advantage (CMA) Length of calcaneal process relative to length of pes (calcaneus length/metatarsal length). Indicates anatomical mechanical advantage of ankle extensors (e.g. gastrocnemius; Carrier, 1983) .
Indices are calculated from measurements listed in Table 1. 2003). Thus, the capability of generating larger bite forces in males likely improves performance in encounters with both prey and conspecifics.
Dimorphic characters were also found in postcranial morphology. In C. l. occidentalis, males had relatively broader scapulae, capable of housing larger muscles associated with the transmission of forces from the trunk to the forelimbs (e.g. m. serratus, m. rhomboideus; Carrier et al. 2006) , providing stability and doing work at the shoulder joint (e.g. m. supraspinatus, m. infraspinatus), and, hence, may assist in the grappling and dragging aspects of aggressive and prey capture behaviours. Male C. l. occidentalis also had a larger mechanical advantage in the manus associated with the pisiform bone, an insertion point for the m. flexor carpi ulnaris that flexes the forepaw at the wrist joint (Carrier, 1983; Evans, 1993) . Greater force application in the forepaw may be advantageous during grapping or during the braking behaviour that occurs when being dragged forward with teeth gripping a prey animal. The HPI was also larger in males, indicating greater specialization for producing large out-forces in the hindlimbs (Hildebrand, 1985b ) that may increase performance when quickly reorienting and accelerating the body. In addition to a larger mechanical advantage associated with wrist flexion (as in C. l. occidentalis), male C. l. lupus had a larger mechanical advantage associated with the m. triceps brachii, allowing greater force application during elbow extension (Maynard Smith & Savage, 1956; Carrier, 1983; Hildebrand, 1985b; Van Valkenburgh, 1987 ) that may be important when grappling with the forelimbs or to resist being dragged forward. Males in this subspecies also had a more robust styloid process (wrist joint) and broader femoral epicondyles, traits that reflect greater robusticity and provide larger safety factors (Alexander, 1981) , and are likely to be important when large bending and torsional loads are placed on the limb bones. A broader femoral epicondyle increases attachment area for several hip extensor, knee flexor and foot plantarflexor muscles (e.g. m. semimembranosus, m. gastrocnemius, m. extensor digitorum longus; Evans, 1993) and, thus, may increase burst acceleration capacity. More robust limb bones with larger safety factors and greater mechanical advantages in males support our hypothesis given that, during aggressive interactions, grey wolves use their forelimbs for grappling while the hindlimbs are important for stability, body reorientation and burst acceleration (for an example, see Landis, 2010) . These traits are also likely to be advantageous when restraining and pulling down large prey (e.g. large ungulates).
Larger canines and muscle moment arms in the jaw-closing muscles of males have been identified in many species of carnivorans (Gittleman & Van Valkenburgh, 1997) and primates (Plavcan, 2001) in which males compete. Our results for skull morphology agree with these previous studies. However, few studies have explicitly tested aggression-based hypotheses in postcranial morphology. In a comparison between domestic dog breeds under different artificial selection criteria (high-speed locomotion in greyhounds vs. fighting ability in pit bulls), Carrier and associates found that pit bulls have relatively more forelimb muscle mass, larger distal muscles in the limbs and more Table 2 for description of variables.
Bold type P-values indicate variables that were significant after correction for multiple comparisons using the false discovery rate procedure (Benjamini & Hochberg, 1995) . Note that no traits in C. l. lupus were significant after correction. However, we include these results because the binomial probability of five sex-based differences (out of 14 indices) in the predicted direction (a = 0.10) is highly significant (P = 0.009).
Values are means and standard deviations (SD). Sexual dimorphism was calculated as the ratio of male/female values. Significant results from ANOVA tests are given. Significance levels were set at 0.10, given that males a priori were predicted to have larger values in all morphological indices.
robust, stronger limb bones than greyhounds (Pasi & Carrier, 2003; Kemp et al. 2005) . In a recent study on sexual dimorphism in the western grey kangaroo (Macropus fuliginosus), males were found to have relatively larger muscles in the forelimbs, and these differences were most pronounced in the shoulder adductor, arm retractor and elbow flexor muscles that are likely to be important during male-male combat (Warburton et al. 2013) . Our results are in agreement with these studies. However, in grey wolves, similar actions (e.g. grasping, grappling, biting) are carried out during both prey capture and intraspecific contests. Thus, the sexually dimorphic functional traits identified by our analysis are likely adaptive in the contexts of both natural and sexual selection. Improved aggressive performance in mated males may also be adaptive for limiting extra-pair copulations by conspecific competitors (Jennions & Petrie, 2000; Cohas & Allain e, 2009 ). An increasing number of studies combining behavioural and genetic data indicates that extra-pair paternity is common among socially monogamous species (Clutton-Brock & Isvaran, 2006; Cohas & Allain e, 2009 ). Among canids, extra-pair paternity has been found in multiple socially monogamous species: the Ethiopian wolf (Canis simensis; Randall et al. 2007) ; the African wild dog (Lycaon pictus; Girman et al. 1997) ; and four species of foxes (Roemer et al. 2001; Baker et al. 2004; Kitchen et al. 2006; Weston Glenn et al. 2009) . Current research at Yellowstone National Park indicates that up to 25% of wolf packs show non-monogamous mating structure (all forms of polygamy and promiscuity; D. Stahler, personal communication) . Behaviours to limit extra-pair activity, such as mate-guarding (Brotherton & Komers, 2003; Clutton-Brock & Isvaran, 2006) or the direct control of competitors and/or packmates (Cohas et al. 2006) , may select for improved aggressive ability in males.
While the dimorphic traits indicated by our analysis are likely to improve aggressive performance in males, several of these characters may functionally conflict with locomotor performance. Morphological specialization for economical locomotion results in elongation of the limbs, particularly the distal elements, and reduced distal limb mass, including smaller humeral and femoral epicondyles, that lower the cost of transport by decreasing the energy required to swing the limbs (Gambaryan, 1974; Hildebrand, 1985b; Van Valkenburgh, 1987; Steudel, 1990; Garland & Janis, 1993; Samuels et al. 2013) . Additionally, the out-force and out-velocity of the lever systems around limb joints are inversely correlated (Maynard Smith & Savage, 1956; Hildebrand, 1985b) , such that the greater mechanical advantages in the limbs of male C. l. occidentalis and lupus increase force output at the cost of decreased angular velocity of swinging the limbs. Thus, the increased distal mass and greater mechanical advantages of the limb bones of male wolves are traits that likely increase the cost of transport and decrease locomotor efficiency, reflecting a functional trade-off (Maynard Smith et al. 1985; Lauder, 1991; Vanhooydonck et al. 2001; Van Damme et al. 2002; Cameron et al. 2013) in the musculoskeletal system whereby simultaneous specialization for aggression and efficient locomotion is impossible (Pasi & Carrier, 2003; Kemp et al. 2005 ). This trade-off is interesting given the presumed importance of economical locomotion in grey wolves, as indicated by their large daily travel distances (average of 14.4-27.4 km, up to 72 km, per day; reviewed in Mech & Boitani, 2003) and vast home ranges (up to 4335 km 2 ; Mech et al. 1998) , and implies strong selection on aggressive performance. Though rarely tested, functional trade-offs between locomotion and aggression may be widespread (Carrier, 2002; Pasi & Carrier, 2003; Kemp et al. 2005) . In two species of territorial lizards, studies found that locomotor performance in males decreases with head size (L opez & Mart ın, 2002) , and with both head size and bite force (Cameron et al. 2013) . Future studies of other species characterized by intense male-male competition would improve our understanding of the prevalence and importance of these trade-offs.
Our analysis did not identify any sexually dimorphic functional traits in C. l. lycaon. One possible explanation is the frequent hybridization of C. l. lycaon with coyotes (Canis latrans; VonHoldt et al. 2011; Benson et al. 2012) . While wolf-coyote hybrids are intermediate in size (Benson et al. 2012) , the effects of coyote DNA introgression on specific morphological traits, behaviour and sexual dimorphism are unknown. Another possible explanation is the disparity in prey characteristics killed by each grey wolf subspecies. During the 'division of labour' (Mech, 1999) period following parturition (May-June), C. l. lycaon primarily kills white-tailed deer (Odocoileus virginianus; Theberge & Theberge, 2004) , a small species relying on speed and agility to escape predation (Mech & Boitani, 2003) . In contrast, C. l. occidentalis and C. l. lupus kill larger prey species during this period, with elk (Cervus canadensis) and moose (Alces alces) being the most common prey items, respectively, though most individuals killed are juveniles (62% of elk and 90% of moose prey; Sand et al. 2008; Metz et al. 2012) . Additionally, bison (Bison bison) were abundant prey throughout much of the historical range of C. l. occidentalis (Mech & Boitani, 2003) . These large ungulates rely on large size and aggressiveness for defence, and are capable of injuring and killing wolves (MacNulty, 2002; Mech & Boitani, 2003) . The sexually dimorphic characters in C. l. occidentalis and lupus may improve a male's ability to kill these dangerous prey species, whereas these characters may not be as important for killing small, fleet-footed prey by male C. l. lycaon. Similar results have been reported by Van Valkenburgh and associates, who found that large prey specialists in Canidae have relatively broader skulls (Van Valkenburgh & Koepfli, 1993) , and that large prey specialists in Felidae have relatively broader skulls (Meachen- Samuels & Van Valkenburgh, 2009a) , broader humoral epicondyles, larger olecranon processes and relatively shorter radii as compared with small prey specialists (Meachen-Samuels & Van Valkenburgh, 2009b) . In an excellent study on wolf predation of elk in Yellowstone National Park, MacNulty et al. (2009) proposed a trade-off between pursuit and handling abilities based on wolf body size. While the larger body size of males was found to improve performance of prey handling and killing (strength-based tasks), it did not improve performance of chasing individual elk (a locomotor-based task; MacNulty et al. 2009 ).
In summary, we found sexual dimorphism in skeletal traits that reflect morphological specialization for aggression in two of three subspecies of C. lupus. While overall differences in skeletal shape were limited, we found dimorphism in functional traits that may improve performance during intraspecific aggressive encounters or prey capture by males or both. Additionally, skeletal sexual dimorphism in wolves could be influenced by the evolution of a flexible mating system (Moehlman, 1989) such that, under certain socioecological conditions, a population may demonstrate greater male-male competition. These aggression-related characters may represent a functional trade-off with locomotor economy, indicating the importance of aggression in the life history of grey wolves. The presence of sexually dimorphic musculoskeletal traits in C. lupus, a generally monogamous species, indicates that these traits may be widespread in mammals, given that most mammalian species have a polygynous mating system and that the intensity of malemale competition generally increases with the level of polygyny (reviewed in Andersson, 1994) . Further research on sexual dimorphism in functional traits will improve our understanding of the prevalence and degree of specialization for aggression and the functional trade-offs that may result. Future studies would be improved by including a large number of species with different mating systems and food ecology in order to provide resolution on the relative importance of sexual vs. natural selection in sexually dimorphic skeletal morphology. 
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